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E-mail address: mhattori@phar.nagoya-cu.ac.jp (MReelin is a large secreted glycoprotein essential for brain formation, but its trafﬁcking and function
at the molecular level remain incompletely understood. After binding to its receptor, Reelin is inter-
nalized by endocytosis. Here we show that internalized Reelin is subject to speciﬁc proteolysis
within the cell and its N-terminal fragment is re-secreted. This re-secretion is inhibited by baﬁlomy-
cin A1 or by expression of a mutant of Rab11, a regulator of the recycling pathway. As the N-terminal
fragment does not bind to Reelin receptor but has homology to F-spondin, its recycling may be
involved in the regulation of extracellular matrix.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Reelin is a large glycoprotein secreted from Cajal–Retzius cells
of developing cerebral cortex, and plays essential roles in regulat-
ing neuronal migration and layer formation [1,2]. Reelin consists of
the N-terminal region, the eight tandems of Reelin repeat (RR), and
the highly basic C-terminal region [2]. Reelin binds to apolipopro-
tein E receptor 2 (ApoER2) and very-low-density lipoprotein recep-
tor [3,4], and thereby induces phosphorylation of an intracellular
adaptor protein, Dab1 [5]. Reelin is then internalized by endocyto-
sis [3,6]. Neither the fate of Reelin protein after endocytosis nor
physiological signiﬁcance of this event is known. Although endocy-
tosis is generally regarded as a way to terminate signaling, that of
some extracellular ligands is the integral part of their signaling. For
example, endocytosis of Wnt is required for full activation of
downstream signaling [7]. In this study, we pursued the fate of
internalized Reelin and found that the N-terminal fragment is gen-
erated within the endosome, transported to the Rab11-positive
recycling endosome, and released (re-secreted) into the extracellu-
lar space, which may play a role in the extracellular matrix
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. Hattori).2. Materials and methods
2.1. Animals
Jcl:ICR mice were obtained from Charles River Japan (Yoko-
hama, Japan). All of the experimental procedures were approved
by the Animal Care and Use Committee of Nagoya City University
and were performed according to the guidelines of the Science
Council of Japan. The day of detection of vaginal plug was deﬁned
as ‘‘embryonic day 0 (E0)”.
2.2. Plasmids
The plasmid pCrl [8] was used to express wild type Reelin. The
plasmid for Reelin mutant (K2360/2467A) that does not bind to
ApoER2 [9] was kindly provided by Prof. Junichi Takagi (Osaka Uni-
versity, Japan). ApoER2 fused with green ﬂuorescent protein (GFP)
was described previously [10]. The expression plasmids for Rab11
mutants [11] were generously gifted from Prof. Keiichi Nakayama
(Kyushu University, Japan).
2.3. Cell culture and transfection
HEK293T cells were seeded onto polystyrene culture dishes or
on glass-bottom dishes coated with poly-L-lysine and were
cultured in Dulbecco’s modiﬁed Eagle’s medium containing 10%lsevier B.V. All rights reserved.
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fection was performed using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA) in accordance with the manufacturer’s instructions.
Primary cortical neurons were prepared from E15 mice and main-
tained as described previously [12]. Culture supernatant contain-
ing Reelin was prepared as described previously [12].
2.4. Immunoblotting (IB) and immunostaining
SDS–PAGE and IB was performed described previously [12]. For
immunostaining, cells were ﬁxed with 4% formaldehyde and per-
meabilized with 0.3% Triton X-100 in PBS. They were then incu-
bated with the primary antibodies. The antibodies used were
anti-Rab11 (Invitrogen), anti-GFP (Nakalai Tesque, Kyoto, Japan),
and anti-Reelin (CR-50 [13]). The appropriate species-speciﬁc sec-
ondary antibodies conjugated AlexaFluor dyes (Invitrogen) were
used. To stain the nuclei, Hoechst33342 (Invitrogen) was added
to the secondary antibody solution. Images were obtained using
LSM510META (Carl Zeiss, Oberkochen, Germany).150
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Fig. 1. HEK293T cells expressing ApoER2 generate and release the N-terminal
fragment of Reelin after endocytosis. (A) Control HEK293T cells (lane 1) or those
expressing ApoER2 (lane 2) were incubated in the media containing wild type
Reelin for 24 h. The media were then collected and analyzed by immunoblotting
(IB). (B) HEK293T cells expressing ApoER2 were incubated in the media containing
wild type Reelin (WT, lanes 1–3) or K2460/2467A mutant (lanes 4–6) for indicated
periods. The media were then collected and analyzed by IB. (C) HEK293T cells
expressing ApoER2 were incubated in the medium containing Reelin for 3 h and
then in the media without Reelin for further 2 h, followed by the immunostaining
with anti-Reelin antibody CR-50 (green). The nuclei are shown in magenta. Scale
bar, 10 lm. (D) Control HEK293T cells (lanes 2 and 3) or those expressing ApoER2
(lanes 4 and 5) were incubated in the media containing Reelin (lane 1) for 3 h and
then in the medium without Reelin. The media were then collected promptly after
the media change (lanes 2 and 4) or 24 h later (lanes 3 and 5), followed by IB. (E)
HEK293T cells expressing ApoER2 were treated with 100 nM baﬁlomycin A1 (Baf A,
lane 2) or vehicle only (lane 1) for 30 min. They were then incubated in the media
containing Reelin for 3 h, and then in the medium without Reelin for 24 h. The
media were then collected and analyzed with IB. Arrows and arrowheads indicate
full-length Reelin and N-RR2 fragment, respectively.3. Results
Recombinant Reelin protein was incubated either with control
HEK293T cells or with those expressing ApoER2. The culture super-
natant was collected 24 h later and the amount of full-length Reel-
in and its fragments were analyzed by IB using G10, an anti-Reelin
antibody recognizing N-terminal region. Three bands, which corre-
sponded to the full-length, C-t site (between RR6 and RR7)-cleaved,
and N-t site (between RR2 and 3)-cleaved (N-RR2) fragments, were
detected (Fig. 1A), as previously described [14]. The amount of full-
length Reelin decreased and the N-RR2 fragment increased by
incubation with HEK293T cells expressing ApoER2 (Fig. 1A, lane
2), compared to control (Fig. 1A, lane 1). This tendency was much
less obvious when Reelin K2360/2467A mutant that does not bind
to ApoER2 was used (Fig. 1B, lanes 4–6), indicating that the
amounts of full-length Reelin and N-RR2 fragment changed mainly
dependent on Reelin–ApoER2 interaction. In the next experiment,
ApoER2-expressing cells were ﬁrst incubated with the Reelin-con-
taining medium for 3 h, washed, and then incubated with the fresh
(Reelin-deﬁcient) medium. Reelin was internalized and not obvi-
ously present on the cell surface (Fig. 1C) at 2 h after the change
of medium. The aliquots of the culture supernatant were collected
just after the change and 24 h later, and the presence of full-length
Reelin and its fragments was analyzed by IB. Reelin was not de-
tected in the culture supernatant just after the medium was chan-
ged (Fig. 1D, lane 4). On the other hand, the N-RR2 fragment, but
not the full-length, of Reelin was clearly detected in the culture
supernatant collected 24 h later (Fig. 1D, lane 5). This phenomenon
was not observed in the control cells (Fig. 1D, lane 3). These results
suggested that internalized Reelin is cleaved at N-t site within the
cell and the N-RR2 fragment is re-secreted from the cell to the
extracellular space.
Several secreted proteins are internalized, transported by ‘‘recy-
cling” pathway, and re-secreted [15,16]. Baﬁlomycin A1 (Baf A), a
speciﬁc inhibitor of the vacuolar type H+-ATPase, blocks the traf-
ﬁcking through recycling endosome without preventing endocyto-
sis [17,18]. Baf A markedly decreased the amount of N-RR2
fragment generated by ApoER2-expressing HEK293T cells
(Fig. 1E). It was thus indicated that the generation and/or re-secre-
tion of the N-RR2 fragment is dependent on the recycling pathway.
To verify the transport of Reelin to recycling endosome, immu-
nostaining with the antibody against Rab11, a marker of recycling
endosome, was carried out. Internalized Reelin was mostly colocal-
ized with ApoER2 and was observed to aggregate at the perinuclear
region where Rab11 was localized (Fig. 2A–D). In cells treated withBaf A, Reelin was internalized but not was transported to the
Rab11-positive organelle (Fig. 2E and F). These results indicated
that internalized Reelin was transported to recycling endosome
and that Baf A inhibited the transport.
Rab11 is a member of Rab family small GTP-binding proteins
implicated in the control of vesicular transport between different
subcellular compartments [19] and regulates trafﬁcking through
recycling endosome [20]. The expression of Rab11 mutant inhibits
this pathway [21]. To determine whether the transport of Reelin to
the perinuclear region (presumably recycling endosome) was reg-
ulated by Rab11, a GDP-bound form of Rab11 (Rab11S25 N) was
co-expressed with ApoER2 and the fate of internalized Reelin
was analyzed by immunostaining. The expression of Rab11S25 N
eliminated the accumulated localization of Rab11 (Fig. 3G), and
intracellular vesicles containing Reelin and ApoER2 did not aggre-
gate at particular region (Fig. 3E, F and H). Thus, it was revealed
that the localization of internalized Reelin to recycling endosome
was regulated by Rab11 activity. Concomitantly, expression of
Fig. 2. Internalized Reelin is transported to recycling endosome. (A–D) HEK293T
cells expressing GFP-fused ApoER2 were incubated with Reelin for 3 h, ﬁxed,
permeabilized, and immunostained with anti-GFP (A) anti-Reelin (B) and anti-
Rab11 (C) antibodies. D is the merged image in which GFP, Reelin, Rab11 are shown
in green, red and blue, respectively. Scale bar in D (for A–D), 10 lm. (E and F)
HEK293T cells expressing GFP-fused ApoER2 were treated with 100 nM Baf A for
30 min. They were then incubated in the media containing Reelin for 3 h, ﬁxed,
permeabilized, and immunostained with anti-Reelin (E) and anti-Rab11 (F)
antibodies. Magenta lines indicate the edge of the cell. Scale bar in E (for E and
F), 5 lm.
150
250
(kDa)
mock WT
Rab11
Q70L S25N
IB : G10
1 2 3 4
Merge
Rab11
Reelin
GFP
ApoER2
ApoER2
+ Rab11S25N
A
B
C
D
E
F
G
H
I
Fig. 3. Re-secretion of the N-terminal fragment of Reelin requires Rab11 activity.
(A–H) HEK293T cells expressing GFP-fused ApoER2 with (E–H) or without (A–D)
Rab11S25 N were incubated in the media containing Reelin for 3 h, ﬁxed,
permeabilized and immunostained with anti-GFP (A, E and green in D and H),
anti-Reelin (B, F and red in D and H) and anti-Rab11 (C, G and blue in D and H).
Intracellular vesicles containing Reelin and ApoER2, but not with Rab11, were
represented in yellow. Scale bars in D (for A–D) and in H (for E–H), 10 lm. (I)
HEK293T cells expressing ApoER2 (lane 1), ApoER2 and Rab11 (lane 2), ApoER2 and
Rab11Q70L (lane 3), or ApoER2 and Rab11S25 N (lane 4) were incubated in the
media containing Reelin for 3 h, and then in the medium without Reelin for 24 h.
The media were then collected and analyzed with IB. Arrow and arrowhead indicate
the positions of full-length Reelin and N-RR2 fragment, respectively.
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the increase of N-RR2 fragment in the extracellular milieu
(Fig. 3I, arrowhead). Full-length Reelin was not re-secreted under
any conditions (Fig. 3I, arrow). It was thus concluded that the N-
RR2 fragment is generated from internalized Reelin and re-se-
creted via recycling pathway that is dependent critically on the
function of Rab11.
We ﬁnally conﬁrmed that Reelin was also transported to recy-
cling endosome in neuronal cells. When cortical neurons were
incubated with Reelin for 30 min, Reelin was observed on the sur-
face of neurons, both on cell bodies and neurites (Fig. 4A). After
incubation for 8 h, Reelin was localized mainly in the cell body
and accumulated in the Rab11-positive organelles (Fig. 4B–D). It
was thus strongly suggested that Reelin was internalized and
transported to perinuclear recycling endosome also in neurons.
4. Discussion
We have found that the internalized Reelin is proteolyzed with-
in the cell and the N-terminal fragment N-RR2 is re-secreted. The
N-terminal region is necessary for activation of downstream sig-
naling of Reelin [22,23], although it does not bind to Reelin recep-
Fig. 4. Cortical neuron transport Reelin to recycling endosome after endocytosis.
Cortical neurons were incubated with Reelin for 30 min (A) or for 8 h (B–D) and
were immunostained with anti-Reelin (A, B and green in D) and anti-Rab11 (C and
magenta in D). Arrowheads indicate colocalization of Reelin with Rab11. Scale bar
in A (for all), 50 lm.
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fected Reelin signaling, but we have never detected such effect
so far (data not shown). Because the N-terminal region of Reelin
has the homology with F-spondin [1,2], an extracellular matrix
protein produced in ﬂoor plate [24,25], it may be possible that
the re-secreted N-RR2 fragment functions as a part of extracellular
matrix that plays a role in neuronal migration. It has been known
that the amount of N-RR2 fragment is much more abundant than
full-length Reelin or other fragments in developing brain and in
the culture supernatant of cortical neurons [3,26,27]. The re-secre-
tion may contribute to these observations.
The cortical neurons secrete the protease(s) that cleaves Reelin
at N-t site [28,29], although its identity remains unknown. The pro-
tease(s) that cleaves Reelin in the endosomemay or may not be the
same as the secreted one. Identiﬁcation of the protease(s) in charge
of Reelin cleavage within the cell will be necessary for understand-
ing the physiological role of the proteolysis and re-secretion of
Reelin fragment.
Cultured cortical neurons bind Reelin both at cell body and at
neurites, but the internalized Reelin is exclusively localized at
the perinuclear region (Fig. 4). Thus, re-secretion of Reelin plausi-
bly occurs only at cell body. This is in contrast with the proposal
that Reelin is secreted from axon in Cajal–Retzius cells [30]. Thus,
the site of Reelin secretion may be controlled depending on the cell
types and situations, which would play a role in ﬁne regulation of
Reelin signaling in brain development.
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